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Abstract

Wl A number of theories about the evolution of language
posit a close (and perhaps causal) relationship between tool
use and speech. Consistent with this idea, neuroimaging
studies have found that tool knowledge retrieval activates not
only a region of the left premotor cortex involved in hand
action, but also an adjacent region that is typically described
as a language center. We examined whether this pattern of
activation is best described as the result of a single process,
related to both action and language, or the result of two

INTRODUCTION

According to one prominent theory of conceptual
knowledge organization (Allport, 1985), a strong rela-
tionship exists between our sensorimotor experiences
and our conceptual and neural representations. Specif-
ically, Allport (1985) proposed that conceptual knowl-
edge is organized as a pattern of auto-associated activity
distributed across different sensory (e.g., visual, tactile,
auditory) and motor (e.g., action, kinesthetic) domains.
Furthermore, under this account, information is stored
in or near brain areas that are recruited when acquiring
that knowledge. That is, whereas visually acquired infor-
mation about ‘“hammer” is stored in or near visual
areas, action-oriented information is stored in or near
motor areas. Thus, the representation of hammer is
distributed across different domain attributes, and when
the concept hammer is retrieved, a distributed pattern
of associated neural activity is expected.

Support for a distributed sensorimotor account of
conceptual knowledge has come from a number of recent
neuroimaging studies in which recruitment of a distrib-
uted network of brain areas during the identification of
manmade tools has been reported (e.g., Tyler et al., 2003;
Chao & Martin, 2000; Perani et al., 1999; Grabowski,
Damasio, & Damasio, 1998; Grafton, Fadiga, Arbib, &
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independent processes. We identified two distinct neural com-
ponents that jointly contribute to this response: a posterior
region centered in the premotor cortex, which responds to
motor knowledge retrieval, and an anterior region centered in
the left frontal operculum, which responds to lexical competi-
tion. Crucial to the interpretation of the premotor response,
individual variation in motor experience was highly correlated
with the magnitude of the response in the premotor cortex,
but not in the prefrontal cortex. Wl

Rizzolatti, 1997; Martin, Wiggs, Ungerleider, & Haxby,
1996). For example, Martin et al. (1996) asked subjects
to name a series of black and white line drawings of tools
and animals and observed tool-specific PET activation in
the left middle temporal gyrus, the right supramarginal
gyrus, and the left ventrolateral frontal cortex, extending
from the frontal operculum (Brodmann’s area [BA] 44/
45) to the ventrolateral premotor cortex (VLPM, BA 6).
Because the distributed network recruited during tool
naming included regions that have been implicated in
action and motion processing (left middle temporal
gyrus, e.g., Martin, Haxby, Lalonde, Wiggs, & Ungerleider,
1995) and motor imagery and execution (left ventrolat-
eral premotor cortex, e.g., Decety, 1996), the authors
argued that these data reflect the sensory—motor nature
of tool representations and are consistent with a distrib-
uted model of conceptual knowledge organization.
Because vLPM and the left frontal operculum are often
coactivated in tasks that involved action and motor
knowledge retrieval, this left ventrolateral frontal region
has been linked to storage of motor and action knowl-
edge (e.g., Martin, 2001; Martin et al., 1996). However,
there are reasons to believe that these two cytoarchi-
tecturally distinct regions within the left ventrolateral
frontal cortex subserve different functions (Rizzolatti,
Fogassi, & Gallese, 2002). First, if both regions are in-
volved in motor knowledge retrieval, we should observe
recruitment of both areas in every instance when motor
knowledge is accessed. However, that is not the case:
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Whereas vLPM has consistently been linked to motor
knowledge retrieval, involvement of the left frontal
operculum in motor knowledge retrieval has been less
consistent. Second, the left frontal operculum has been
implicated in a more general mechanism of cognitive
control, such as selection among competing alternatives
(e.g., Thompson-Schill, D’Esposito, Aguirre, & Farah,
1997; for different proposals, see Bunge, Kahn, Wallis,
Miller, & Wagner, 2003; Wagner, Pare-Blagoev, Clark, &
Poldrack, 2001). In the present article, we will briefly
review some recent evidence that supports each of
these claims. Furthermore, we will explore whether
the “tool-specific activation” observed throughout left
ventrolateral frontal cortex is best thought of as the
result of a single process (i.e., motor knowledge re-
trieval) or of two independent processes (i.e., motor
knowledge retrieval and selection among competing
alternatives).

Activation in vLPM has been observed in a number
of neuroimaging studies that require either implicit
retrieval (e.g., tool identification: Chao & Martin, 2000;
Perani et al., 1999; Grabowski et al., 1998; Grafton et al.,
1997; Martin et al., 1996; tool name generation: Vitali
et al., 2005) or explicit retrieval of action knowledge
(e.g., verb reading: Grezes, Tucker, Armony, Ellis, &
Passingham, 2003; Kellenbach, Brett, & Patterson, 2003;
Kable, Lease-Spellmeyer, & Chatterjee, 2002; Martin
et al., 1995; action-related sentence comprehension:
Tettamanti et al., 2005; for reviews, see Johnson-Frey,
2003; Pulvermuller, 1999). For example, Hauk, Johnsrude,
and Pulvermuller (2004) reported increased activity
in premotor cortex when subjects read action words
(e.g., kick). Moreover, the authors found that activa-
tions along premotor areas were differentially sensitive
to action words that refer to different body parts (e.g.,
lick, pick, kick), such that activations were in or near
brain regions involved in actual movements of the
tongue, fingers, and feet. The relation between hand
action and tool knowledge, in particular, is supported
by the consistent observation of overlapping activa-
tions within the premotor cortex during imagined grasp-
ing and tool knowledge retrieval (e.g., Decety, 1996; for
a review, see Grezes & Decety, 2001). This association
has led some researchers to argue that knowledge
of tool use and manipulation is stored in vLPM (e.g.,
Martin, 2001).

Although vLPM activity during identification of manip-
ulable objects has been consistently observed across
many studies, recruitment of the left frontal operculum
during tool identification has been less consistent
(Kellenbach et al., 2003; Kable et al., 2002; Phillips,
Noppeney, Humphreys, & Price, 2002; Chao & Martin,
2000). For example, in a functional magnetic resonance
imaging (fMRI) study, Chao and Martin (2000) reported
greater activity in vLPM for tools than animals, but
activity in the left frontal operculum was undifferenti-
ated between tool identification and animal identifica-
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tion. In order to explain the null effect in the left frontal
operculum, the authors proposed that whereas vLPM
activity is associated with retrieval of the motor aspect of
tool use knowledge, the left frontal operculum activity
may reflect lexical retrieval and phonological processing.
Because lexical retrieval and phonological processing
requirements were similar across the two object catego-
ries, activity in the left frontal operculum did not differ
across the two conditions.

Previous neuroimaging and neuropsychological stud-
ies have implicated the left frontal operculum in a domain-
general cognitive control mechanism that is engaged
when one must select an appropriate representation or
response among competing alternatives (i.e., the number
of competing alternatives for any given situation, Kan
& Thompson-Schill, 2004b; Thompson-Schill, 2003;
Thompson-Schill et al., 2002; Bunge, Ochsner, Desmond,
Glover, & Gabrieli, 2001; Barch, Braver, Sabb, & Noll, 2000;
Buckner, Koutstaal, Schacter, & Rosen, 2000; Thompson-
Schill, D’Esposito, & Kan, 1999; Desmond, Gabrieli, &
Glover, 1998; Thompson-Schill et al., 1998; Thompson-
Schill et al., 1997). In the context of object identification,
one source of competition may come from the number of
name alternatives applicable to a single object. For exam-
ple, whereas a picture of an orange may evoke only one
name (i.e., high name agreement), a picture of a couch
may also elicit other name alternatives such as sofa and
loveseat (i.e., low name agreement). We have previously
demonstrated that activity in the left frontal operculum
was modulated by the extent to which a picture evokes a
single, reliable name (Kan & Thompson-Schill, 2004a).
That is, identification of low name agreement pictures
(i.e., high competition condition, with higher selection
demands) produced increased left frontal operculum
activity compared to high name agreement pictures
(i.e., low competition condition, with lower selection
demands). As such, picture name agreement may serve
as a valid index of selection demands and the degree of
competition present in picture naming.

In the present experiment, we provide a direct test of
functional dissociations between vLPM and the left
frontal operculum. We hypothesize that previously ob-
served tool-specific activations in the left ventrolateral
frontal cortex may reflect two distinct processes: selec-
tion among competing conceptual and lexical represen-
tations in the left frontal operculum and retrieval of
motor knowledge associated with tool use in VLPM. As
proposed by Sternberg (2001, 2004), in order to dem-
onstrate functional dissociations, it is absolutely critical
to demonstrate that each region is selectively influenced
by different experimental factors. In other words, it is
not enough to show that manipulation of one factor
(e.g., object category: tools vs. animals) exerts a signifi-
cant influence in one region (e.g., vLPM) and not in an-
other region (e.g., left frontal operculum) because
a null effect could reflect either low statistical power
or variability. To argue for functional dissociations, we
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demonstrate that vLPM and the left frontal operculum
are differentially sensitive to different experimental ma-
nipulations (i.e., motor knowledge retrieval vs. selection
among competing alternatives).

A secondary purpose of this experiment was to further
explore the idea that motor experiences have a direct
impact on neural representations of object-concepts,
as proposed by Allport (1985). If a relationship exists
between motor experience with manipulable objects and
neural representations of those object-concepts, we
would expect different motor experiences to result in
different neural representations of those objects. One
rudimentary way to quantify variability in motor experi-
ences across individuals is by evaluating hand preference
in object use. It seems reasonable to assume that right-
handers are more likely to interact with objects with their
right hand, and left-handers are more likely to interact
with objects using their left hand. Thus, individuals in
these two groups may have differential motor experi-
ences associated with their dominant hands. If in-
formation is stored in or near brain areas that are
recruited when acquiring knowledge, we might expect
motor knowledge acquired with the right hand to be
stored in the vLPM near the left motor cortex and
motor knowledge acquired with the left hand to be
stored in the right ventrolateral premotor area (VRPM)
near the right motor cortex. To date, most studies that
have examined the neural bases of conceptual knowl-
edge have limited their subject population to right-
handers only. In this experiment, we explore the
impact of motor experience on conceptual represen-
tations in both left-handers and right-handers. If
VvLPM activity during motor knowledge retrieval re-
flects motor experience with the right hand, we should
observe modulation of vLPM activity as a function of
right-hand use in object manipulation. Furthermore, we
may observe increased involvement of the vRPM for
individuals who have relatively more experience in
manipulating objects with their left hand.

We used fMRI to examine neural activity associated
with identification of animals and manipulable objects
in 16 individuals (8 left-handers and 8 right-handers).
Selection demands and degree of competition were
manipulated by systematically varying picture name
agreement (i.e., higher name agreement reflects lower
competition and selection demands, and lower name
agreement reflects higher competition and selection
demands). Black-and-white photographs from each of
the four conditions (i.e., low-competition animals, high-
competition animals, low-competition objects, and
high-competition objects) were presented in blocks of
six trials, and subjects were asked to name the pictures
aloud into a fiber optic microphone. Alternating with
each experimental block was a block of baseline trials,
which consisted of a simple perceptual judgment task
that required a yes/no response (see Figure 1A and
Methods).

RESULTS
Behavioral Results from Norming Study

In a norming study, a group of 32 independent subjects
were shown a total of 207 black-and-white photographs
and were asked to name each picture. Responses from
this phase were used to derive name agreement level for
each item and to facilitate item selection for the exper-
iment. To determine name agreement for each item, we
tabulated the name responses across individuals and
selected the response with the highest count, and the
name agreement index was calculated as the percentage
of participants who agree on that name. Furthermore,
the variability in name agreement across subjects was
used as a proxy measure of the degree of lexical
competition within individuals. Based on these results,
a final set of 144 photographs was selected. For the final
set of 144 photographs used in the experiment, the
mean name agreement for low competition items was
95.8% (range 88-100%) and the mean name agreement
for high competition items was 63.4% (range 34-88%).
An unpaired ¢ test revealed a significant difference in
name agreement percentages between the two sets of
photographs, #(142) = 18.97, p < .001. Furthermore,
within each level of competition, there was no difference
in mean name agreement between the two object cate-
gories: low-competition animals = 95.8%, SD = 3.9% and
low-competition objects = 96.2%, SD = 3.9%, t(70) =
—0.38, p = ns; high-competition animals = 64.1%, SD =
13.8% and high-competition objects = 62.8%,SD = 14.6%,
1(70) = 0.38, p = ms.

In the second phase of the norming study, 12 addi-
tional subjects named the set of 144 photographs,
one at a time, and their response times were col-
lected. Across subjects, mean reaction times and stan-
dard deviation for the four conditions were as follows:
low-competition animals = 996 msec, SD = 129 msec;
low-competition objects = 931 msec, SD = 111 msec;
high-competition animals = 1162 msec, SD = 130 mseg;
high-competition objects = 1099 msec, SD = 129 msec.
A 2 (category) x 2 (competition) ANOVA revealed a
significant category main effect, F(1,11) = 28.26,
p < .01, and a significant competition main effect,
F(1,11) = 6.50, p = .03. The interaction was not sig-
nificant (F < 1.0, p = ns). In sum, response times and
name agreement percentages were matched across the
two categories (animals vs. objects) within each level of
competition.

Behavioral Results from Scanner

Subjects’ responses were compared to the names col-
lected in the norming study, and a response (e.g.,
hammer) was considered a match if it was the most
common name given during pilot testing. Overall agree-
ment percentages across subjects were then calculated.
A paired ¢ test of subjects’ response agreement revealed
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Figure 1. Trial blocking,
timing, and composition.
(A) Pictorial depiction

of experimental and
baseline conditions. Eight
counterbalancing versions
were used to control for
presentation order across
subjects. (B) Trial timing
and trial composition.
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a significant difference between the low competition
M = 86.0%, SD 7.0%) and the high competition
M = 54.2%, SD = 8.1%) conditions, #(15) 19.36,
b < .001, confirming that the manipulation was effective.

Performance on baseline items derived from low com-
petition photographs (M = 99.8%, SD = 0.7%) was
compared to performance on baseline items derived
from high competition photographs (M = 99.8%, SD =

Figure 2. Functional-
anatomical ROI analysis. A
(A) Lateral projection of voxels
demonstrating significant
picture naming main effect
(naming - baseline). Data were
spatially smoothed for display
purposes only. (B) Mixed
ANOVA on mean variance
normalized effect size in the
left frontal operculum:
significant competition main
effect, F(1,14) = 10.34, p < .01
and significant category main
effect, F(1,14) = 4.71, p < .05.
Interaction was not significant.
(C) Mixed ANOVA on mean
variance normalized effect size
in vLPM: significant category
main effect F(1,14) = 13.03,

p < .01. Competition main
effect and interaction were
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0.5%), and no difference was found on response accu-
racy between the two baseline conditions, #(15) = 0.44,
p > .05. Due to technical constraints, however, we were
unable to collect voice-activated response times from
within the scanner.

fMRI Results
Left Ventrolateral Premotor Region-of-Interest Analysis

As expected, tool identification was associated with
increased activity in the left frontal cortex; however,
dissociable effects of motor knowledge retrieval and
selection among competing alternatives were ob-
served in distinct subregions of the inferior frontal
gyrus. Within vLPM, we observed a significant object
category main effect, with greater activity for manipula-
ble objects than for animals, F(1,14) = 13.03, p < .01
(see Figure 2C). Furthermore, the main effect of com-
petition and higher order interactions were nonsignifi-
cant (all ps > .10). As discussed below, this pattern of
data is in contrast to that found in the left frontal
operculum.

Left Frontal Operculum Region-of-Interest Analysis

Within the left frontal operculum, we observed a signif-
icant main effect of competition, F(1,14) = 10.34, p < .01.
As predicted, we observed greater activity in the left
frontal operculum for high competition items (i.e., low
name agreement) than for low competition items (i.e.,
high name agreement), regardless of object category:
interaction, F(1,14) = 0.50, p = .49 (see Figure 2B). This
finding is consistent with the idea that activity in the left
frontal operculum is modulated by amount of competi-
tion when one must select an appropriate representation
(e.g., Kan & Thompson-Schill, 2004a; Nelson, Reuter-
Lorenz, Sylvester, Jonides, & Smith, 2003; Thompson-
Schill, 2003; Thompson-Schill et al., 2002; Milham
et al., 2001; Barch et al., 2000; Thompson-Schill et al.,
1999; Thompson-Schill et al., 1998; Thompson-Schill
et al.,, 1997) and that previously observed tool-specific
response in this region may be partially driven by
unintentional variation in picture name agreement
between object categories. We also observed a sig-
nificant main effect of category, F(1,14) = 4.71, p =
.05, in the left frontal operculum, with greater activ-
ity for manipulable objects than animals. To evalu-
ate the relative magnitude of the category effect
observed in the vLPM and the left frontal operculum,
we conducted a 2 (category) x 2 (region) ANOVA
and found a significant ordinal interaction, suggesting
that the magnitude of the category effect observed in
VvLPM is greater than that in the left frontal operculum,
F(1,15) = 8.03, p = .01 (see next paragraph for a re-
lated analysis).

Effect (Category vs. Competition) x Region (vLPM
vs. Left Frontal Operculum) Analysis

As suggested by Sternberg (2001, 2004), to demonstrate
separate modifiability of the two regions, we need to illus-
trate that each region is differentially sensitive to dif-
ferent experimental manipulations (i.e., category vs.
competition). We examined the relative influence of the
two processes (i.e., motor knowledge retrieval vs. selec-
tion among competing alternatives) by evaluating the
relative magnitude of effects between the two experi-
mental factors in the different brain regions. A significant
Effect x Region interaction was found, F(1, 15) = 27.18,
b <.001 (see Figure 3). Specifically, the competition effect
(high competition — low competition) in the left fron-
tal operculum was significantly larger than that in vLPM,
t(15) = 3.14, p < .01. In contrast, the category effect
(objects — animals) was significantly larger in vLPM than
in the left frontal operculum, ¢(15) = 2.99, p < .01. This
significant cross-over interaction indicates that the pro-
cesses of motor knowledge retrieval and selection among
competing alternatives have differential effects on vLPM
and the left frontal operculum; following from Sternberg
(2001, 2004), this pattern supports the idea that these two
regions are functionally dissociable.

Hand Preference in Object Manipulation
and vLPM Activity

To explore the relationship between individual mo-
tor experience and tool-specific activity in vLPM, we
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Figure 3. Effect x Region interaction bar plot. 2 (competition effect
vs. category effect) x brain region (left frontal operculum vs. vLPM)
ANOVA. Significant Effect x Region interaction was revealed using both
percent signal change, F(1,15) = 13.37, p < .01, and variance normalized
effect size, F(1,15) = 27.18, p < .001, as dependent measures.
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performed two analyses based on each subject’s hand
preference index and tool-specific activity in vLPM. As
described in the Methods section, a “hand preference
index” was derived for each subject, based on responses
to items that were manipulated with only one hand. The
score indicates the percentage of items each subject
would prefer to manipulate with his right hand. Scores
below 0.5 indicate a left-hand preference and scores
above 0.5 indicate a right-hand preference when ma-
nipulating with objects named. Although right-handers
showed a largely invariant right-hand preference (mean =
.97,8D = .02, range = .95 to 1.00), left-handers’ hand pref-
erence scores were much more variable (mean = .23,
SD = .27, range = .0 to .72), and two left-handers showed
a right-hand preference in object use.

A comparison of the magnitude of VLPM response
between subjects with a left-hand preference to those
with a right-hand preference (including the two “left-
handed” subjects who showed a right-hand preference)
revealed greater vLPM activity in subjects with a right-
hand preference, #(12) = 2.19, p = .05. Interestingly, no
such difference in vLPM activity was found in a compar-
ison of subjects based on handedness classification from
the Edinburgh Handedness Inventory, #(12) = —0.35,
p = .73, suggesting that our hand preference index
may be a more sensitive measure of hand preference
in object manipulation and that vLPM’s response to these
objects may be modulated by motor experience. The
difference in sensitivity in these two measures is inter-
esting, although not surprising. Whereas the Edinburgh
Handedness Inventory serves as a good guideline for
identifying hand preference, it is not a specific enough
measure for evaluating an individual’s hand preference
in object manipulation.

Additional evidence for the claim that vLPM response
may be modulated by motor experience comes from a
correlational analysis of the tool-specific response in
VvLPM: In left-handers, the stronger the right-hand pref-
erence, the more robust the activity in vLPM (R = .88,
p < .01; see Figure 4). Given the small sample size,
however, it is possible that outliers may exert undue
influence over the observed effect. To address this
concern, we also conducted the Spearman’s rank order
correlation test, 2 nonparametric correlation test that
treats data points in terms of rank, thereby eliminating
potential outlier effects. A significant positive correla-
tion between VLPM activity and right-hand preference
in object use was found (Ry = .81, p = .01). This
pattern of data illustrates that vLPM activity is modu-
lated by hand preference in object use and that this
effect is specific to individuals’ motor experience and
not to a generalized handedness classification. In con-
trast to vLPM, the correlation between hand prefer-
ence and activity in the left frontal operculum was
not significant (R = .56, p = .15; Ry = .59, p = .13),
thus providing additional support for the specific rela-
tionship between premotor cortex and motor experi-
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Figure 4. Scatterplot depicting the relationship between left-handers’
hand preference in object use and object-related activity in vLPM.

ence. Furthermore, a direct comparison of the two
correlations revealed that the magnitude of the corre-
lation between hand preference in object use and vLPM
activity is significantly larger than the magnitude of
the correlation between hand preference in object use
and activity in the left frontal operculum (7, = 1.74,
p < .05). The largely invariant hand preference scores
of right-handers precluded us from including their data
in a correlational analysis (mean = .97, SD = .02).

In addition, there was no effect of hand preference on
VvLPM response to animals (R = .32, p = .22). That is,
hand preference did not result in a generalized pattern
of lateralized or increased activity in vLPM, but only
impacted vLPM’s response to manipulable objects. Fur-
thermore, activity in vLPM did not correlate with indi-
viduals’ overall familiarity with the objects named
(R = .19, p = .32). Taken together, activity in the vLPM
seems to be specific to manipulable objects (but not to
animals) and is modulated by an individual’s hand
preference in object manipulation (but not by either
general handedness classification or overall familiarity
with objects).

Following from the idea that hand preference modu-
lates object-related activity in the vLPM, one might also
expect a positive correlation between left-hand prefer-
ence and activity in the right ventrolateral premotor
cortex (VRPM). However, we did not observe such a
relationship (R = —0.23, p = .33). Why might this
asymmetry arise? One possible explanation is that per-
haps ‘“left-handers” have a more distributed motor
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representation than ‘“right-handers,” as suggested by
previous studies on motor imagery (Singh et al., 1998).
To explore this possibility, we derived a laterality index
for each individual (vVLPM activity — vRPM activity) and
found a larger laterality effect for individuals with
a right-hand preference than individuals with a left-
hand preference, #(10) = 2.53, p = .03. The same effect
was found when a laterality ratio [i.e., (VLPM — vRPM)/
(VLPM + vRPM)| was used. (To derive a more precise
characterization of the relationship between hand pref-
erence in object use and vLPM activity, it would be ad-
vantageous to evaluate these effects on an item-specific
level. However, because a blocked design was employed,
we are unable to examine item-specific effects in this
experiment.)

DISCUSSION

In the present experiment, our aim was to (1) examine
whether previously observed tool-specific activations in
the left ventrolateral frontal cortex can be further disso-
ciated and (2) explore the contribution of motor expe-
riences to our neural and conceptual representations.
Our data indicate that there are two distinct subpopu-
lations of neurons within the left ventrolateral frontal
cortex that have different response properties: an ante-
rior region in the frontal operculum that responds to
amount of competition present in object identifica-
tion, and an adjacent premotor region that responds
specifically to manipulable objects. Critically, we demon-
strated functional dissociations in these regions by
showing that these two regions are separately modifi-
able (Sternberg, 2001, 2004).

Our finding of selective influence of competition in
the left frontal operculum activity provides converging
evidence for the idea that the left frontal operculum
mediates selection among competing alternatives. Spe-
cifically, in the context of object identification, we
propose that activity in this region reflects the amount
of lexical competition during picture naming (e.g., Kan
& Thompson-Schill, 2004a). This also lends support to
the idea that discrepancy in previous experiments, in
terms of the “tool-specific response” in the left frontal
operculum, may be partially explained by unintentional
variation in picture name agreement between manipu-
lable objects and animals.

Consistent with previous studies (e.g., Tyler et al.,
2003; Chao & Martin, 2000; Perani et al., 1999; Grabowski
et al., 1998; Grafton et al., 1997; Martin et al., 1996), we
found that identification of manipulable objects en-
gages VLPM, and recruitment of this region may re-
flect implicit retrieval of motor knowledge. One of
the crucial assumptions of Allport’s (1985) distributed
model of conceptual knowledge is that conceptual
representations are stored in or near brain regions that
are used during initial encoding of that information. In
other words, when action-oriented information is re-

trieved, motor areas should be recruited. Based on this
proposal, previous reports of left frontal activation dur-
ing tool identification were taken as evidence for dis-
tributed models of concept representation in general
and for a role of the premotor cortex in the represen-
tation of motor knowledge specifically (Thompson-
Schill, 2003; Martin, 2001; Martin et al., 1996); however,
those conclusions were based on the assumption that
the frontal activation indicated motor knowledge retriev-
al. There was no independent source of evidence that
the frontal activation was related to retrieval of motor
knowledge per se. In the present study, the significant
correlation between right-hand preference in object
manipulation and left premotor activation during iden-
tification of manipulable objects may provide evidence
for that missing link. In other words, our finding that an
individual’s hand preference in object use modulates
object-related activity in vLPM provides additional sup-
port for domain-specific distributed models of concep-
tual knowledge (Thompson-Schill, 2003; Martin, 2001;
Allport, 1985). Additionally, this domain-specific re-
sponse was selective to vLPM and dissociable from a
domain-general response in an adjacent ventrolateral
prefrontal region.

Thus far, we have argued for and demonstrated a
functional dissociation between vLPM and the left frontal
operculum. However, within the left frontal operculum,
we also observed a significant, albeit smaller, main effect
of object category (i.e., objects > animals) and a trend of
a positive correlation between hand preference in object
use and left frontal operculum activity. This pattern is
consistent with previous findings that vLPM and the left
frontal operculum often coactivate in tasks that require
motor knowledge retrieval. Because the anatomical
division between the two regions may not necessarily
reflect a strict functional division of labor, it remains
possible that the two regions represent a continuum.
That is, although both regions may be involved in
various processes of object identification, the posterior
region of this continuum may be more sensitive to one
process (i.e., motor knowledge retrieval) and the ante-
rior region of this continuum may be more sensitive to
another process (i.e., selection among competing alter-
natives). Of course, it is also possible that the seem-
ing continuity of these effects reflects more about the
properties of the fMRI signal (i.e., poor spatial resolu-
tion) than it does about the properties of the neurons
within each region. In either case, the observation that
the magnitude of the category effect and the correlation
between hand preference and brain activity in the two
regions are tightly coupled (i.e., larger category effect,
higher correlation) suggests that the observed category
effect is related to motor knowledge retrieval in object
identification.

Why might these two adjacent regions subserve such
seemingly different processes? One possibility is that
perhaps the processes involved in selection and motor
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knowledge retrieval are both crucial to the develop-
ment of human communication. In order to produce
and comprehend language, one must select appropri-
ate word meanings among competing alternatives.
Moreover, a number of researchers (Rizzolatti & Arbib,
1998; Bradshaw & Rogers, 1993) have proposed that
the ability to understand and recognize actions may be
the foundation of the evolution of language (see Arbib,
2005, for a recent evolutionary account). For example,
Rizzolatti and Arbib (1998) observed that neurons in
monkey area F5, which corresponds to the inferior
frontal cortex in the human brain, are involved in
goal-related action execution (Rizzolatti et al., 1988)
and action observation (Ferrari, Rozzi, & Fogassi, 2005;
Gallese, Fadiga, Fogassi, & Rizzolatti, 1996); these F5
neurons within the action execution—recognition system
were dubbed “mirror neurons.” The authors argued
that in order to react accordingly, it is essential for the
observer to recognize the action itself and also the in-
tention behind that action. From the agent’s perspec-
tive, it is important to execute the action appropriately
such that the agent’s intention will not be misunder-
stood. Rizzolatti and Arbib (1998) proposed that this ex-
change of intentions forms the basis of communication.
With the identification of a similar action recognition
system in humans (Fadiga, Fogassi, Pavesi, & Rizzolatti,
1995), the idea that both regions subserve the larger
purpose of human communication seems plausible.

In summary, the proposal that sensorimotor experi-
ences with manipulable objects influence neural repre-
sentations is supported by the finding that hand
preference in object manipulation is significantly corre-
lated with activity in the vLPM. This finding is consistent
with the proposal that organization of our conceptual
knowledge is distributed across different domains as a
function of our interaction with the physical world
(Thompson-Schill, 2003; Martin, 2001; Allport, 1985).
Furthermore, competition effects in the left frontal
operculum support the idea of a domain-general selec-
tion mechanism (Thompson-Schill, 2003; Thompson-
Schill et al., 2002). Taken together, this demonstration
of the separate modifiability of activity in the vLPM and
the left frontal operculum by different factors provides
strong evidence that the two regions are associated with
separable processes (Sternberg, 2001, 2004).

METHODS
Behavioral Protocol

Sixteen paid volunteers participated in this study: mean
age = 21.0 years (range 18-25 years); 8 left-handers
(4 men, 4 women, mean handedness score —12.40);
8 right-handers (2 men, 6 women, mean handedness
score 18.6, range 15 to 22). The Edinburgh Handedness
Inventory was used to assess handedness (Oldfield,
1971). In accordance with the procedures of the Insti-
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tutional Review Board of the University of Pennsylvania,
all subjects provided informed consent, and each subject
was paid $35 for their participation.

Stimulus Presentation

Using PsyScope software (Cohen, MacWhinney, Flatt, &
Provost, 1993), stimuli were presented by a Macintosh
G3 Powerbook (Apple Computer, Cupertino, CA) con-
nected to an Epson 8100 3-LCD projector (Epson Amer-
ica, Long Beach, CA), which was housed inside a custom
RF shield box. The image was projected onto a mylar rear
projection screen at the back of the scanner bore, and
subjects viewed the image through a mirror mounted
on the head coil. Subjects’ overt responses were trans-
mitted via a microphone embedded in the Avotec Si-
lent Scan Auditory Presentation system (Stuart, FL, www.
avotec.org).

On each experimental trial, subjects were asked to say
aloud the name of a black-and-white photograph of
either an animal or a manipulable object as quickly as
possible. Each trial lasted 4000 msec, and four compo-
nents made up each trial (see Figure 1B for trial timing
and composition). A total of 144 black-and-white photo-
graphs were used. Within each category (i.e., animals vs.
objects), the photographs were further classified into
conditions of high competition and low competition,
which were determined by name agreement ratings
derived from data collected from a group of indepen-
dent subjects (m = 32, see Results section). Name
agreement for each picture refers to the percentage of
subjects who agree on a single name for each picture,
and the data were used to facilitate stimulus selection.
The variability in name agreement across subjects was
used as a proxy measure of the degree of lexical
competition within individuals.

On baseline trials, subjects were asked to perform a
perceptual judgment task, which required a decision of
whether a rectangular box was superimposed on top of
a distorted image (see Figure 1A). Trial timing and
composition were the same as the experimental trials.
To create the baseline items, the set of 144 object and
animal photographs were distorted by use of a distor-
tion filter in Photoshop 7.0. Pilot testing indicated that
the distorted photographs were no longer identifiable as
real animals and objects.

A blocked design was implemented. Six trials com-
posed each experimental block, and 16 blocks com-
posed each experimental run. In each run, alternating
blocks of picture-naming trials and baseline trials
were presented, with 96 trials in each run: 12 high-
competition animals, 12 low-competition animals, 12
high-competition objects, 12 low-competition objects,
and 48 baseline trials. Three experimental runs complet-
ed the experiment, for a total of 288 trials in the entire
session. Presentation order of each experimental condi-
tion was counterbalanced across subjects.
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A postexperiment questionnaire was administered to
examine the contribution of individual motor experi-
ence to neural representations of manipulable objects.
For each object named in the experiment, subjects were
asked to rate their hand preference when manipulating
the object. Fourteen subjects completed the question-
naire (8 left-handers and 6 right-handers), and a hand
preference index was derived for each subject, based on
responses to items that were manipulated with only one
hand. Two right-handers failed to complete the post-
experiment questionnaire. Additionally, subjects were
asked to report their overall familiarity with each item,
which may include nonmotor experiences, such as
seeing the item in books or on television. They were
asked to rate their level of overall familiarity on a scale of
1 (not at all familiar) to 5 (extremely familiar).

Functional MRI Protocol

Following acquisition of sagittal and axial T1-weighted
localizer images, echo-planar fMRI was performed in 42
contiguous 3-mm axial slices (TR = 4000 msec, TE =
30 msec, 64 x 64 pixels in a 24-cm field of view, voxel
size = 3 mm X 3 mm X 3 mm), using a 3.0-T Siemens
Trio system (Malvern, PA) and a USA Instruments (Au-
rora, OH) four-channel head coil. Furthermore, 3-D pro-
spective acquisition correction (PACE) was performed
online during data acquisition, which allowed for real-
time linear and rotational motion detection and correc-
tion (Siemens-Medical, 2004).

Offline data processing was performed using VoxBo
software (www.voxbo.org). After image reconstruction,
the data were sinc interpolated in time to correct for the
staggered fMRI acquisition sequence. Motion detection
and correction was undertaken using a six-parameter,
rigid-body transformation. Consistent with previous
findings (e.g., Kan & Thompson-Schill, 2004a; Barch
et al., 1999), overt responding did not lead to excessive
motion artifacts, based on the amount of estimated
movement occurred during each scan. None of the sub-
jects had motion that resulted in more than a 2-mm
displacement. Raw data from each subject were trans-
formed to standardized MNI space (Evans et al., 1993),
and no spatial smoothing was performed. (Note: Spatial
smoothing was performed for illustration purposes only,
see Figure 2.)

Voxelwise analysis was performed on each subject’s
data by use of a general linear model for serially corre-
lated error terms (Worsley & Friston, 1995). The model
included covariates that modeled the different task con-
ditions, a subject-specific estimate of the intrinsic tem-
poral autocorrelation, and sine and cosine regressors for
frequencies below those of the task and those in the
elevated range of the noise spectrum. Task covariates
were boxcar waveforms convolved with an estimate of
the bold oxygenation level dependent (BOLD) hemody-
namic transfer function empirically derived from the

motor cortex in a separate group of subjects (Aguirre,
Zarahn, & D’Esposito, 1998). Data were temporally
smoothed with an empirically derived estimate of the
hemodynamic response. These methods have been em-
pirically demonstrated to hold the mapwise false-positive
rate at or below tabular values (Aguirre, Zarahn, &
D’Esposito, 1997; Zarahn, Aguirre, & D’Esposito, 1997).
We employed a functional-anatomical region-of-
interest (ROI) approach. Anatomical landmarks were
used to define the two regions along the inferior frontal
gyrus: The ventrolateral premotor cortex (inferior por-
tion of BA 6) and the frontal operculum (BA 44/45) were
defined for each individual subject. Each ROI consisted
of voxels that demonstrated a significant picture-naming
main effect (i.e., all picture-naming trials — baseline trials,
t > 3.0). All voxels within each functionally—anatomically
defined ROI were included in four contrast analyses
between each experimental condition and baseline, and
the magnitude of each contrast was estimated with a
variance normalized measure of percent signal change
(i.e., t effect size). The magnitude of effect size for each
contrast was entered into a 2 (competition) X 2 (cate-
gory) X 2 (handedness) mixed analysis of variance.
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